The serological prevalence of 13 murine viruses was surveyed among 103 wild-caught and 51 captive-bred house mice (Mus domesticus), originating from several trapping locations in northwest England, using blood samples obtained during routine health screening of an established wild mouse colony. A high proportion of recently caught wild mice were seropositive for mouse hepatitis virus (86%), mouse cytomegalovirus (79%), mouse thymic virus (78%), mouse adenovirus (68%), mouse parvovirus (59%) and minute virus of mice (41%). Seroprevalences of lymphocytic choriomeningitis virus (LCMV), orthopoxvirus, reovirus-3 and murid herpesvirus 4 (MuHV-4, also called murine g-herpesvirus [MHV-68]) were low (3-13%), and no animals were seropositive to Sendai virus, pneumonia virus or polyomavirus. Seroprevalence in wild-caught animals that had been in captivity for over six months was generally consistent with the range found in recently caught wild animals, while seroprevalence was generally much lower in captive-bred mice despite no attempt to prevent viral spread. A notable exception to this was LCMV, which appeared to have spread efficiently through the captive population (both captive-bred and wild-caught animals). Given the known viral life cycles in laboratory mice, it appears that viral persistence in the host was an important contributing factor in the spread of infection in captivity.
Animal models of infectious diseases have been instrumental to the progress of modern biomedical research, and the similarities between animal and human disease have made possible important medical and scientific advances (Druilhe et al. 2002 , Flano et al. 2002 . Models are most reliable and relevant where infection more closely mimics that in the target host. However, as biological differences between model and target species may alter host-pathogen interactions, resulting in model invalidation in some cases, it has been suggested that existing animal models of infection should be improved, and that new model systems should be developed (Druilhe et al. 2002) .
Laboratory strains of mice are the primary experimental animal model for studying mechanisms of infection and immunity, and the range of pathogens to which they are susceptible is similar to that of humans (Buer & Balling 2003) . This species is thus a particularly relevant model for human disease, and wild-living house mouse (Mus domesticus) populations may be a potentially important source of novel infections for further study. After thousands of years of host-parasite co-evolution, infectious agents in these populations are likely to be well adapted to their hosts, and their use as infection models may carry a lower risk of experimental failure through morbidity or mortality than models using a non-natural host-pathogen combination. Furthermore, since the improved immune response of an adapted host may be mediated through a more complete recognition of parasite antigens, a greater number of potential 'vaccine candidates' may be identified during immunological investigation of response to infection (Druilhe et al. 2002) .
Wild animals frequently carry endemic, low virulence infections or parasite loads with no overt clinical effects. However, these infections may cause significant population effects through alterations in fecundity (Hudson 1986 , Feore et al. 1997 , vulnerability to predation (Hudson et al. 1992 , Murray et al. 1997 or potentiation of other stressors such as poor nutritional status (Beck & Levander 2000) . Several endemic diseases of wild rodents may affect reproducibility of results in behavioural, physiological or clinical research using laboratory rodents (Baker 1998) , and a limited number pose a zoonotic risk to personnel, notably lymphocytic choriomeningitis virus (LCMV) (Rousseau et al. 1997) .
Importantly, uncontrolled and unmonitored infection in laboratory mice has long been recognized as a confounding factor in experimental investigations, and as a potentially deleterious factor in animal welfare (Baker 1998) . Pathogens often gain entry to colonies through the introduction of infected animals or animal products (Jacoby & Lindsey 1998), but viral dissemination via contaminated fomites or local wild rodents has also been implicated in the spread of disease (Institute of Laboratory Animal Resources 1991). Indeed in a recent survey of laboratory mouse colonies in the USA, coronaviruses, parvoviruses and ecto-and endoparasites were detected in 10-35% of specific pathogen-free (SPF) colonies, and 40-70% of non-SPF colonies (Jacoby & Lindsey 1998). Wild animals are likely to be an important reservoir of such pathogens.
Despite this, the prevalence of viral disease in murine populations is largely unknown, notably in wild populations of M. domesticus. Early studies preceding the advent of serological techniques concentrated on laboratory mouse populations (Poiley 1970 , Skinner & Knight 1971 , Carthew & Verstraete 1978 , Suzuki et al. 1982 . Following the wide adoption of serological techniques, the serological prevalence of selected viruses has been published for a very limited number of wild or laboratory-strain M. domesticus populations around the world (Van Vuuren et al. 1990 , Morita et al. 1991b , McCaughey et al. 1996 . To date there has been no serological survey of viruses in wild house mice in the UK, although data have been reported for other rodent species endemic or introduced to the UK (Table 1) . Smith et al. (1993) tested several wild populations of M. domesticus in southeastern Australia, and found high seroprevalence of mouse hepatitis virus (MHV), mouse cytomegalovirus (MCMV) and rotavirus. Antibodies to mouse adenovirus (MAd) and mouse parvovirus (MPV) were found frequently, but Sendai virus was found only rarely. Antibody to LCMV has been reported in wild M. domesticus in Japan (Morita et al. 1991b) . Notably, much of the data on viral prevalence in wild mice has focused on Australian populations, which differ substantially from European mice in population and community ecology and habitat, potentially altering the effects of infection at population level. It might be anticipated that these differences and their consequences for mouse interaction and disease transmission would cause profound and unpredictable differences in viral prevalence between Australian and European mice, but the current lack of data precludes any attempt to compare or contrast these populations.
We made use of blood samples obtained as part of a routine health screen of a captive colony of wild-derived house mice in northwest England to estimate the prevalence of a wide range of known mouse viral pathogens. The main aim of this study was to understand the infection risk faced by Laboratory Animals (2007) 41 a captive mouse colony to which newly captured animals were regularly introduced, and to estimate the extent to which these viruses appear to spread when mice are maintained and bred in captivity. This was achieved by examining the prevalence of antibodies to 13 viruses among wild mice derived from several populations in the northwest UK within 48 h of capture, among wild-derived mice that had been housed in captivity for many months and among F1 offspring.
Materials and methods

Animals
Blood samples were obtained as part of a routine health screen of a captive colony of wild-derived house mice. The screen was carried out under the Veterinary Surgeon's Act to check for the possible presence of LCMV, which might pose a risk to laboratory personnel. The colony had been maintained for over 20 years through the regular addition of animals newly captured from wild populations together with some captive breeding for up to 3-4 generations. All samples were taken by a qualified veterinarian as random samples of either recently captured stock (within 48 h of capture, termed wild-caught mice) or animals well established in the colony (captive wild-caught or F1 captive-bred). Wild-caught samples were obtained from 65 adult house mice that had been captured from three populations in northwest England. Population W1 was a large farm population inhabiting several buildings that housed livestock at high stocking density (51 mice sampled). Population W2 was a small population distributed between four empty outbuildings in a rural location (7 mice sampled). Population W3 came from a semirural, suburban location sparsely populated by house mice where livestock were housed at low stocking density (7 mice sampled). We also examined a random selection of (a) 38 of 61 mice that had originated from 13 rural (farm) or suburban (private house) populations around the northwest area, but had been held under standard laboratory housing conditions from six months to two years (1-5 mice originating from each location), and (b) 51 of 103 F1 captive-bred mice derived from captive wild-caught mice and maintained in the same rooms and cage racks. There were no signs of illness among any of the mice sampled.
Mice were housed in standard, open-top polypropylene laboratory cages (NKP Cages, Rochester, UK), on peat substrate with shredded paper nest material. Males were housed singly in M3 cages (48 Â 15 Â 13 cm) in one room while groups of 3-5 females, breeding pairs and family groups were housed in MB1 cages (45 Â 28 Â 13 cm) in another room. Mice within the same room shared the same handling facilities (wild mice are extremely agile and were removed from their cages in steep-sided handling bins; direct handling was also minimized by allowing mice to run into clear Perspex handling tunnels (Gray & Hurst 1997) . Males were weaned and singly housed at four weeks of age. Rooms were kept at 20711C, ventilated at 20 air changes per hour, and under a 12/12 h reversed dark-light cycle. Animals had constant access to commercial laboratory mouse food (Harlan Teklad 'Rodent Breeder Diet 9607TRM', Harlan, Oxon, UK) and water, and were maintained by the same team of technicians. A continuous monitoring programme confirmed that the animal unit was very effectively proofed against the ingress of any other wild rodents.
Serological assays
Up to 100 mL blood was taken by cutting the skin at the tail tip for serology, a technique recommended for obtaining small blood samples that was likely to cause the least harm to the animals (Baumans 1999 , Sirois 2005 . Blood samples were also taken during the dark phase of the light cycle to minimize any handling stress (08:00-20:00 h). Where tissues were required for other experiments, mice were killed by terminal halothane anaesthesia and a postmortem blood sample collected by cardiac puncture (n ¼ 19). Sera were separated after centrifugation at 840 g for 15 min (Charles River Laboratories 2001) and stored at À201C until use. Indirect fluorescent antibody (IFA) tests had previously been developed in-house for orthopoxvirus (Crouch et al. 1995 , Blasdell et al. 2003 and murid herpesvirus 4 (MuHV-4, also called murine g-herpesvirus [MHV-68]) (Blasdell et al. 2003 ), using cowpox virus or MuHV-4-infected vero cells as antigen. Exposure to LCMV and mouse thymic virus (MTV) was tested using commercial IFA assays obtained from Charles River Laboratories (Wilmington, MA, USA). Commercial enzyme-linked immunosorbent assays (ELISAs) were used for all other viruses listed in Table 2 (Charles River Laboratories, Wilmington, MA, USA).
Sera were tested at a dilution of 1:60 for the commercial assays, and at both 1:20 and 1:40 for the in-house assays. In the commercial ELISAs, antibody was detected using horseradish peroxidase (HRP)conjugated anti-rodent immunoglobulin G (IgG), with 2-2 0 -azino-bis(3-ethylbenzthiazoline-6-sulphuric acid) (ABTS)-H 2 O 2 as the chromogenic substrate (Charles River Laboratories 2001). A positive result was scored where colour intensity was greater than or equal to that of a weakly positive control (supplied by Charles River Laboratories, Wilmington, MA, USA), assessed by visual comparison. Cases where a test sample produced a visible colour change but the colour intensity was less than the control were very rare (o1/200 tests) and were considered negative. The IFA slides used virus-infected and uninfected control cells as antigen, and antibody was demonstrated using fluorescein isothiocyanate (FITC)-labelled anti-rodent IgG (Charles River Laboratories 2001). Results were obtained by comparing test wells to positive and negative controls under ultraviolet transillumination, and samples were considered positive if fluorescence was seen at any dilution.
The volume of blood that was collected from live mice was variable, and it was not possible to test smaller samples for all viruses. In these cases, samples were allocated to the maximum number of tests that sample volume would allow. Thus infection rate was expressed as a proportion of samples tested. All samples from recently caught wild mice and approximately onethird of samples from captive animals were obtained in January 2004. Further samples obtained from captive mice during April 2004 were used to compare a selected range of viruses across all animals. There were no significant differences in infection rate between these two sampling periods (w 2 tests, P>0.05 for all viruses), so results were pooled for analysis.
Statistical analysis
We compared the proportion of mice of each sex seropositive for each virus using w 2 or Fisher's exact tests as appropriate, and infection rates between populations using Kruskal-Wallis tests. Probability values of o0.05 were considered significant.
Results
The prevalence of antibodies to each viral pathogen tested is summarized in Table 3 . A high proportion of recently caught wild mice were seropositive for MHV (86%), MCMV (79%), MTV (78%), MAd (68%), MPV (59%) and minute virus of mice (MVM, 41%). Seroprevalences of LCMV (4%), orthopoxvirus (13%), reovirus-3 (Reo-3, 11%) and MuHV-4 (3%) were low, while antibodies were not detected to Sendai virus, pneumonia virus (PVM) or polyomavirus. With the exception of LCMV, seroprevalence in wild-caught animals that had been in captivity for over 6 months was within the range found in recently caught wild animals (Table 3 ). There were no significant differences in seropositivity between males and females for any of these viruses (w 2 or Fisher's exact tests, NS in all cases). Despite the high proportion of animals that were seropositive for more than one virus, there were no significant positive correlations between any of the viruses (w 2 tests, NS in all cases).
Seropositivity to LCMV was notably more frequent among wild-caught mice that had been held in captivity (47% seropositive mice derived from a wide range of original populations) than among those recently caught (4% seropositive), and seropositive status was not associated with any particular population of origin.
Overall infection rate (proportion of seropositive results per mouse) appeared to differ between wild-caught animals sampled at capture, those held in captivity and F1 captive-bred mice (Figure 1a ). As it was not possible to test smaller serum samples for all 13 viruses, the overall infection rate was estimated with variable precision. To allow statistical comparison of infection rate per mouse between these classes, we compared the prevalence of four viruses for a subset of animals where each mouse had been tested for LCMV, MTV, MAd and MVM.
Differences in infection rate based only on
Laboratory Animals (2007) 41 Virus infection among wild house mice 233 these four viruses (Figure 1b ) were similar to those across all viruses (Figure 1a ). The three classes of mice differed significantly in their infection rate (Kruskal-Wallis test, w 2 ¼ 50.65, df ¼ 3, Po0.001), due to the high rate of infection among animals sampled at capture and the low rate among captive-bred mice (Figure 1b ). The high rate among wildcaught animals sampled at capture was contributed particularly by those captured from population W1, which was a large farm population; rates among mice recently captured from the other two free-living populations were similar to those among captive wild-caught mice that had also originated from a range of relatively small populations (Table 3 ).
Discussion
Although this small survey provides only a snapshot of viral antibody prevalence in wild S D Becker et al. M. domesticus populations in a limited area of northwest England, the results obtained were very clear. As in previous surveys elsewhere, there was considerable variation between different populations, perhaps due to the confounding effects of trapping location, population size and density and local microclimate (Morita et al. 1991a ,b, Smith et al. 1993 , Moro et al. 1999 . While care was taken to ensure maximal reliability of assay methods through the use of commercial tests and other published techniques, the sensitivity and specificity were not known for the assays used. Thus definitive confirmation of results for viruses showing low prevalence (LCMV, orthopox, MuHV-4, Sendai, PVM, polyoma) would require further study. The assay for orthopoxvirus was not optimized for mice, and the prevalence of this virus was higher than expected based on pilot studies. The use of anti-mouse conjugate here may have reduced specificity. Unlike the other viruses surveyed, MuHV-4 is an endemic pathogen of wood mice (Apodemus sylvaticus) (Blasdell et al. 2003) , and has not been found previously in house mice. The low apparent prevalence of this virus (in only 3 mice) is likely to be due to false-positive results as subsequent polymerase chain reaction (PCR)-based assays on groups of wild-caught M. domesticus have failed to confirm the serology (Stewart J, unpublished observations). Unfortunately, viral profiles at capture were not known for the captive, wild-caught mice and it was not possible to estimate the likelihood of acquiring new infection in captivity in these animals. There were intriguing similarities to results obtained in other countries, which also found relatively high prevalence of MCMV and MHV, but low prevalence of LCMV and Sendai virus (Suzuki et al. 1982 , Nakagawa et al. 1984 , Moro et al. 1999 . This may be due to similarity in the transmission dynamics and pathogenicity of viruses in different countries despite differing ecological factors, resulting in similar viral prevalence when confounding effects are reduced through averaging of results. Interestingly, although previous studies of wild rodents other than M. domesticus in the UK found high incidence of Sendai virus (Kaplan et al. 1980 , Greenwood & Sanchez 2002 , we found no house mice seropositive for this pathogen. Together with the low frequency of seropositive animals in previous surveys of house mice, this suggests that the Sendai virus may not be a natural pathogen of M. domesticus and that wild house mice are not of primary importance in its spread.
The failure of transmission of most of the viruses to captive-bred mice, given no attempt to prevent viral spread, is especially intriguing. Captive wild-caught and wildderived mice were occasionally exposed to faeces and urine from conspecifics in shared handling tunnels and handling bins during cage cleaning, and in some cases were allowed to interact directly during behavioural tests. Our results differ from Compton et al. (2004) , who showed extensive transmission of MHV, MPV and Sendai virus to sentinel laboratory mice of the Swiss Webster strain exposed to recently infected mice of the same strain, their contaminated bedding or exhaust air from a ventilated cage system. However, it is important to note that serology, used in our study, demonstrates previous exposure to, but not necessarily current shedding of, an infectious agent. It is likely that many of the wild-caught mice described in the current study, while seropositive, were immune to rather than infected with viruses that do not show long-term persistence within the host (see below). Indeed, Compton et al. (2004) noted that 'efficacy of [transmission] was dependent on the infectious agent load to which the sentinel mice were exposed'.
In this study, successful transmission appeared to depend on the existence of a persistent, long-term shedding phase during the viral infection cycle, for example in MCMV, MTV, LCMV, MAd and perhaps orthopoxvirus (van der Veen & Mes 1973 , Fenner 1982 , Lehmann-Grube 1982 , Osborn 1982 , St-Pierre et al. 1987 . Viruses lacking the ability to persist within the host were not recorded in captive-bred mice, even for pathogens known to be highly stable in the environment (e.g. MVM, MHV, Sendai virus) (Parker et al. 1970 , Parker & Richter 1982 , Barthold 1986 ). The failure of transmission through contamination of the environment and fomites was surprising, especially considering the highly contagious nature of several of these agents (Institute of Laboratory Animal Resources 1991). This suggests that monitoring of viral antigen or nucleic acid in mouse colonies may allow more effective control of disease than serology and environmental controls alone. Use of PCR methods could identify individual animals likely to be actively shedding live virus, and aid their removal from a colony before contamination of susceptible animals occurred (Shek 2000 , Blasdell et al. 2003 .
Despite the apparent efficiency of transmission of LCMV through the captive population, no overt clinical disease was seen. Lehmann-Grube (1982) described several clinical signs associated with LCMV in mice, and their absence in this study may reflect reduced pathogenicity of natural infection, perhaps due to a relatively lower infective dose than that used in experimental infection, low viral strain pathogenicity or greater disease resistance in wild house mice compared with inbred laboratory strains. Vertical and horizontal transmission of LCMV has been described (Lehmann-Grube 1982), and the high proportion of wild-caught captive animals seropositive to this virus (47%) suggests that seroconversion of adult animals had occurred following direct or indirect exposure to chronic shedders in captivity. The seropositive wild-caught captive population is likely to have comprised both chronically infected, virus-positive and immune, virus-negative animals. Thus, the lower proportion of LCMV-seropositive F1 captive-bred mice may have represented chronically infected offspring from viruspositive females. This discovery of LCMV led to a rapid assessment of all animals in the colony using a PCR assay, resulting in the elimination of all infected animals (data to be published elsewhere) and the instigation of procedures for quarantine and assessment of any new stock captured from the wild.
Mice from wild populations had a much higher overall viral prevalence than captivebred mice. This may reflect differences in transmission dynamics between these situations, resulting in failure of viral persistence in the captive population (reviewed in Yorke et al. 1979) . Wild mice are likely to encounter many unfamiliar conspecifics in the local habitat, thus increasing the probability that susceptible animals will be exposed to infected individuals. Conversely, in captivity, animals are housed individually or in small groups, and the rate and number of direct and indirect interactions with others may be much lower than in the wild. Thus, the exposure of the susceptible population to pathogens is effectively reduced in captivity, potentially slowing viral transmission. Indeed, as there was no attempt to isolate captive-bred mice from wild-caught animals, it appears that most of the viruses investigated did not spread efficiently in captivity.
The prevalence of viruses in the UK wild mouse population demonstrated by this survey strongly suggests the need for continued vigilance to guard against the contamination of captive mouse colonies with pathogens commonly carried by wild conspecifics, particularly potentially zoonotic infections such as LCMV. However, further study of the many endemic viruses found in wild rodents may offer exciting opportunities in the development of novel, natural infection models, now urgently required to improve understanding and treatment of human and veterinary disease.
